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ABSTRACT 

Medulloblastoma is a pediatric brain tumor with a variable prognosis due to 
clinical and genomic heterogeneity. Among the 4 major genomic sub-groups, patients 
with MYC amplified tumors have a particularly poor prognosis despite therapy with 
surgery, radiation and chemotherapy. Targeting the MYC oncogene has traditionally 
been problematic. Here we report that MYC driven medulloblastoma can be targeted 
by inhibition of the bromodomain protein BRD4. We show that bromodomain inhibition 
with JQl restricts c-MYC driven transcriptional programs in medulloblastoma, 
suppresses medulloblastoma cell growth and induces a cell cycle arrest. Importantly 
JQl suppresses stem cell associated signaling in medulloblastoma cells and inhibits 
medulloblastoma tumor cell self-renewal. Additionally JQl also promotes senescence 
in medulloblastoma cells by activating cell cycle kinase inhibitors and inhibiting 
activity of E2F1. Furthermore BRD4 inhibition displayed an anti-proliferative, pro- 
senescence effect in a medulloblastoma model in vivo. In clinical samples we found 
that transcriptional programs suppressed by JQl are associated with adverse risk in 
medulloblastoma patients. Our work indicates that BRD4 inhibition attenuates stem 
cell signaling in MYC driven medulloblastoma and demonstrates the feasibility BET 
domain inhibition as a therapeutic approach in vivo. 



INTRODUCTION 

Medulloblastoma is the most common malignant brain 
tumor of children. Surgery, radiation and chemotherapy are 
the cornerstones of medulloblastoma therapy, with outcomes 
far from optimal[l]. Further, there is increasing evidence of 
long-term morbidity such as neurocognitive deficits and 
secondary tumors associated with current treatments[2]. 
Recent transcriptional profiling studies demonstrate that 
medulloblastoma is a heterogeneous disease with 4 distinct 
molecular subgroups characterized by unique genomic and 
clinical features[3-7]. Two subgroups are associated with 
specific abnormalities in developmental pathways; Wingless 



(WNT) and Sonic Hedgehog (SHH) respectively. The other 
two groups are less well characterized (Group 3 and 4)[8]. 
Among these. Group 3 patients with high c-MYC do very 
poorly with 5-year survival less than 30%[9, 10]. Thus, there 
is a critical need for more effective therapies to combat this 
disease, particularly in the high c-MYC expressing tumors. 

MYC is a major regulatory factor of stem cell 
maintenance and tumor cell proliferation[ll]. Importantly 
the c-MYC oncogene family is the most commonly 
amplified gene set in medulloblastoma further emphasizing 
the need to target these tumors[12]. While the concept of 
c-MYC as a therapeutic target is well established, direct 
targeting of c-MYC has remained problematic. For example 
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early studies using an inducible c-MYC model showed that 
activation of c-MYC promoted lymphoma fomiation that 
regressed upon removal of c-MYC expression[13]. More 
recently, expressing a dominant -negative c-MYC allele in 
a KRAS- dependent murine model of lung adenocarcinoma 
further demonstrated the therapeutic benefit of c-MYC 
inhibition[14]. Similarly using G quadraplex molecules 
Shalaby et al demonstrated that inhibition of c-MYC was a 
potent strategy for suppressing medulloblastoma[15]. 

Nevertheless, a therapeutic approach to target 
c-MYC has remained elusive. The absence of a clear 
ligand-binding domain has presented a daunting obstacle 
toward direct inhibition of MYC. However because c-MYC 
is a DNA binding transcriptional activator, targeting 
c-MYC driven transcription provides an opportunity to 
suppress c-MYC driven oncogenesis. Recently inhibition 
of the bromodomain and extraterminal domain (BET) 
protein BRD4 was shown to be a key mediator of MYC 
driven transcriptional programs providing a therapeutic 
target in c-MYC driven tumors[16, 17]. 

The bromodomain and extraterminal domain (BET) 
family is composed of four members; BRD2, BRD3, 
BRD4, and BRDT BET family proteins bind to acetylated 
histones to influence transcription[18]. BET proteins are 
attractive therapeutic targets given the recent description 
of several small molecule inhibitors including JQl and 
iBET [19-21]. Several hematologic malignancies, the 
highly malignant NUT midline carcinoma and the pediatric 
adrenal gland tumor neuroblastoma are responsive to 
BRD4 inhibition in vitro and in mouse models [16, 17, 
22-24]. Furthermore two recent reports also show the 
utility of BRD4 inhibition in medulloblastoma[25, 26]. 

Here we show that BRD4 inhibition is a highly 
effective strategy to inhibit MYC driven medulloblastoma. 
We demonstrate that inhibition of BRD4 results in 
suppression of tumor cell self-renewal, stem cell signaling, 
and induction of senescence in vitro and in vivo. 

MATERIALS AND METHODS 

Cell lines and primary patient samples 
and reagents 

The Daoy and D283 medulloblastoma cell lines 
were purchased from American Type Cell Culture 
(Rockville, MD). The ONS-76 medulloblastoma cell line 
was kindly provided by Dr. James T. Rutka (University 
of Toronto, Canada). D425 and D458 cell lines were 
kindly provided by Dr. Darell D. Bigner (Duke University 
Medical Center, NC). The UW228 cell line was provided 
by Dr. John Silber, University of Washington, Seattle, WA. 
Cell lines were cultured in DMEM (Gibco, Carlsbad, CA) 
supplemented with 10% fetal bovine serum (Atlanta 
Biologicals, Lawrenceville, GA). 

Primary patient samples were obtained from Children's 



Hospital Colorado and were conducted in accordance with 
local and federal human research protection guidelines and 
Institutional Review Board (IRB) regulations. Informed 
consent was obtained for all specimens collected. Nomial 
brain tissue was collected from autopsy and purchased 
fi'om Ambion (Austin, TX), Stratagene (Santa Clara, CA) 
and Clontech Laboratories, Inc. (Mountain View, CA). 
JQ 1 was a kind gift from the Bradner laboratory. 

Gene expression microarray analysis 

Ribonucleic acid from DMSO or JQl treated Daoy 
cells was extracted using an RNeasy kit (Qiagen, Valencia, 
CA) and hybridized to HG-ST2.0 Gene Chips (Affymetrix, 
Santa Clara, CA) according to the manufacturer's instructions 
and previously described by us. Data analysis was performed 
in R (http://www.r-project.org/), using packages publicly 
available through Bioconductor (http://www.bioconductor 
.org). Hierarchical clustering was performed using the 
normalized gene expression data. Heatmap visualization was 
performed using GENE-E (http://www.broadinstitute.org/). 
Fimctional annotation analysis of differentially expressed 
genes was performed with the National Institutes of Health 
Database for Annotation, Visualization, and Integrated 
Discovery (DAVID) Web tool (http://david.abcc.ncifcrf 
gov/), using Biological Process Gene Ontology (GO) terms 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathways. Gene set enrichment analysis (GSEA) was used 
to examine enrichment of genes in predefined reference sets 
that are based on biological knowledge using tools available 
from the Broad Institute (http://www.broadinstitute.org/gsea/ 
msigdb) [27]. Unlike other approaches that examine only 
genes meeting a predetermined cutoff, GSEA computes an 
aggregate score for all genes in the reference set, based on 
their relative ranking in the data[27]. K-Means clustering 
was performed using R2 (http://hgserverl.amc.nl/cgi-bin/ 
r2/main.cgi) in a previously published gene expression 
profiling cohort analyzing 199 primary medulloblastoma 
samples[5]. Survival differences according to clustering- 
derived subgroups were analyzed using Kaplan-Meier 
estimates and tested using Log-Rank test. P-values below 
0.05 were considered to be significant. 

Cell growth assays 

Cell growth was measured using the xCELLigence 
system and E-Plate 96 well gold-coated plates (Roche/ 
ACEA). This system gives the real time measurement 
of cell proliferation. Cells were plated on to an E-plate 
(1000 cells/well) allowed to grown and treated with 
DMSO or JQl 24 hours later and cell growth was 
measured over time. Cell numbers were measured using 
the Viacount assay (Millipore) on a Guava Flow cytometer 
per the manufacturers recommendation. Briefly, cells were 
seeded in media and DMSO or JQl added 24 hours later. 
Cells were cultured for a further 48 hours, and collected by 
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centrifugation. Cells were washed, Viacount reagent added 
and cell counts measured on the cytometer. 

For the colony fomation assay, cells were transfected 
with a shRNA for 48 hours and then plated at 500 cells 
per well of a 6-well plate in triplicate. After seven days of 
growth, the medium was aspirated, the wells were washed 
with PBS, and the colonies were stained with 0.5% crystal 
violet'25% methanol solution. The number of colonies per 
well was counted using a dissecting microscope with a 
threshold of 50 cells necessary to constitute a colony. 

For methyl cellulose colony growth assays D283, 
D425 and D458 (500 cells/well) cells were suspended in 
DMEM having methyl cellulose (1.3% final) and containing 
either JQl (150 or 300nM) or DMSO control. This 
suspension was then plated in triplicate onto 6-well plates. 
The colonies were allowed to form for 8-11 days. The 
colonies were then stained with NBT (Img/ml of nitro blue 
tetrazolium ) and incubated for 24 hours at 37 °C. The blue 
colonies with 50 or more cells in each colony were counted. 
Pictures were taken with GelcountTM (Oxford Optronix). 

Cell cycle assay 

Flow cytometric analysis was performed to 
define the cell cycle distribution. Cells were seeded in 
6-well plates (1x10' cells/well) and 24 hours later were 
treated with JQl. Cells were harvested 48 hours later 
by trypsinization and fixed with 70% ethanol overnight. 
Collected cells were treated with 250|xl cell cycle 
reagent (Millipore) and evaluated per the manufacturer's 
recommendations. 

Real-Time Quantitative Reverse 

Transcriptase PCR 

cDNA was generated as per the manufacturer's 
instructions via reverse transcription using mRNA and the 
Mastercycler"' personal (Eppendorf) themial cycler. Real- 
time quantitative PCR was perfomied with the StepOne Plus 
detection system (Applied Biosystems). Taqman reagents 
(Applied Biosystems) were used per the manufacturer's 
recommendations. Gene expression was detemiined by the 
AACt method. All assays were perfomied in triplicate. 

Western Blotting 

Protein lysates were obtained from samples using 
RIPA buffer (Thermo Scientific, Rockford, IL) with 
protease inhibitors added. Westem blotting was performed 
per standard methods. Antibodies for c-MYC and 
Tubulin were purchased from Cell Signaling Technology 
(Danvers, MA). Secondary antibodies conjugated to 
horseradish-peroxidase were used in conjunction with a 
chemilumine scent reagent to visualize protein bands. 



Luciferase reporter analysis 

Luciferase assays were performed using the Cignal 
Pathway Reporter System (SA Biosciences) following the 
manufacturer's instructions. Cells were seeded into 24-well 
plates and transfected with luciferase reporters using 
Surefect transfection reagent; 8 hours later DMSO or JQl 
was added and cells incubated for an additional 24 hours. 
Luciferase activity was measured using the Dual Luciferase 
Assay system (Promega) on a Glomax multi luminometer 
(Promega). Firefly luciferase served as the experimental 
reporter and Renilla luciferase as the normalizing reporter. 

In vivo xenograft analysis 

This study was conducted at Washington Biosciences 
Inc. at its AAALAC accredited facility. The study 
was conducted following industry standards including 
compliance to USDA and NIH animal care and use 
guidelines. Athymic nude mice were selected for this study 
because they have been used for similar tumor grafting 
studies and have been well-characterized. Daoy cell 
pellets were prepared using standard harvest procedures, 
resuspended in PBS and 1.0 x 10' cells were injected 
into the flank of each mouse in an approximately 200 uL 
volume. Once tumors were palpable and measurable (mean 
52 days post inoculation) treatment with JQl or control 
vehicle of DMSO was begun. 

DMSO or JQl (50mg/kg) was dosed for 5 days 
a week for 4 weeks by intraperitoneal injection (n=10). 
Each animal was tracked individually for tumor growth by 
extemal caliper measurements of subcutaneous protruding 
tumor and an approximate tumor volume was calculated 
using the ellipsoid volume formula: 7i/6xLxWxH. 
Animals were also weighed 3 times a week for the duration 
of the treatment. 

Slice culture method for BrdU and cell viability 
with LDH measurement 

Slice cultures from primary tumor samples were 
grown onto Millicell Culture insert (Millipore Cat# 
PICM0RG50) according to manufacturer's instruction. 
Briefly, -0.3 3cm chunks of primary tumor samples 
were placed onto cell culture insert and were grown in 
slice culture medium (Neurobasal A media containing 
B27, glutamax, L-glutamine, HEPES and FGF) for 
5 days. On day 5, cultures were treated with, DMSO, JQl 
(300nM) or mytomycin C (50ug/mL) and fresh media 
with drugs was changed every day. Seven days after 
drug treatment, BrdU (BrdU Flow kit: BD Pharmingen 
Cat# 559619) was added. Two days after BrdU addition, 
cells and media were collected for BrdU and LDH assay. 
BrdU incorporation was analyzed by flow cytometry. For 
cytotoxicity measurement and LDH assay, Cytoscan-LDH 
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Cytotoxicity Assay Kit- G Biosciences (Cat #786-210) 
was used. Briefly, media was collected from every time we 
changed the media on the culture and are stored at -80°C. 
Media was thawed and followed manufacturer's 
protocol to measure LDH activity that was normalized 
to mytomycin C treatment. Drug cytotoxicity and LDH 
activity was measured calorimetrically. 

RESULTS 

Bromodomain inhibition with JQl restricts 
c-MYC driven transcriptional programs in 
medulloblastoma 

Recent studies have demonstrated that targeting 
c-MYC signaling by inhibition of the Bromodomain and 
extraterminal (BET) Domain 4 (BRD4) is a promising 

A 



new avenue[16, 28]. Importantly new chemical inhibitors 
of BRD4 make this approach enticing[21]. Among these 
inhibitors, JQl is the best studied because it has been made 
freely available by the Bradner laboratory[20]. Because 
c-MYC is a key driver of high risk medulloblastoma 
we first asked whether BRD4 inhibition by JQl would 
alter c-MYC driven signaling in medulloblastoma cells. 
We evaluated the impact of 300nM JQl on c-MYC 
signaling in a well-characterized medulloblastoma cell 
line (Daoy) using genome wide transcriptional profiling. 
The top 30 up and down regulated genes are depicted in 
Figure 1 A and the full list is presented in Supplementary 
Table SI. Low dose (300nM) JQl treatment resulted in a 
significant change in transcription with 1156 transcripts 
down regulated by JQl (p < 0.05,FDR< 0.05 and fold 
change < 0.67) and 635 transcripts up regulated by JQl 
(p < 0.05,FDR < 0.05 and fold change > 1.5). To more 
specifically examine the impact of JQl on c-MYC driven 

B 



C JQl 



gene 

TRAI17 

TNFSF4 

PDCD1LC2 

CCL2 

IL7R 

TRA)23 

HAS2 

MIR142 

ACTBL2 

FU22447 

EONl 

RHOJ 

KCM15 

TRBC2 

PTPN22 

ANXA3 

PDCFRB 

0DZ2 

TNFSFIO 

FAM196B 

SCARA3 

NIPAL4 

AMTN 

CBPl 

LOC1S2225 

lie 

SERPINB2 

MICALCL 

ICFBP5 

CPR87 

ANCPTL4 

MIDN 

ATP1B2 

MYUP 

ILll 

CPR50 

TPS3INP1 

CHMPIB 

TMEM2 

SERTADl 

HIST2H4B 

HIST2H4B 

TMEM47 

DCXR 

HIST2H4B 

SLrr2 

EFR3B 

LINC0005 2 

TEX 14 

HIST1H2BD 

PEC 10 

HIST1H2AH 

DHR52 

10072 9974 

SERPINIl 

HEXIMl 

HIST1H2BC 

HIST2H2BE 

HIST1H2BC 

FAM46C 

SE5N3 



Enrichment plot ALFANO_MYC_TARCETS 




NES-1.38 
FDR = 0.047 



^^|||l||lllllllllllllllllllllllllllllllllllll|^|l 

'JQl' (posilivelvcotrelalcai 



Enrichment plot: DANC_MYC_TARCETS_UP 




*iQr (poiitivclv 



Figure 1 : Inhibition of MYC-Dependent Transcription by the Bromodomain Inhibitor JQl in medulloblastoma. (A) Heat 
map depiction of the top 30 up and down regulated genes (p < 0.01, FDR < 0.05) following JQl treatment in Daoy medulloblastoma cells. 
(B) GSEA of three MYC-dependent gene sets (Alfano et al., 2010, Zeller et al., 2003, Schuhmacher et al., 2001) in transcriptional profiles 
of Daoy medulloblastoma cells treated (red) or untreated (blue) with JQl . 
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Figure 1: (C) Expression of c-MYC mRNA in medulloblastoma cells treated with 300nM JQl or control DMSO treated. (D) Immunoblot 
analysis demonstrates that JQl down regulates MYC protein expression in Daoy cells. (E) A luciferase based reporter assay demonstrates 
that MYC responsive transcription is inhibited by JQl compared to DMSO control treated cells in a concentration and time dependent 
fashion in Daoy cells. 



transcriptional programs we queried the gene expression 
data with unbiased gene set enrichment analysis (GSEA, 
reference [27]) using 3 well-validated c-MYC dependent 
gene signatures publically available from the Molecular 
Signatures Database (MSigDB, http://www.broadinstitute 
.org/gsea/msigdb). All three c-MYC related gene sets were 
statistically enriched among genes down regulated by JQl 
(Figure IB), suggesting that JQl supresses MYC driven 
genomic programs in medulloblastoma. 

Recent studies suggest that the activity of JQl is in 
part due to direct regulation of c-MYC transcription[16]. 
Therefore we examined the expression of c-MYC in 
JQl treated medulloblastoma cells. Treatment with 



JQl potently decreased c-MYC transcripts (Figure IC 
and Supplementary Figure SI A). Immunoblotting 
analysis confirmed that JQ 1 decreased expression of the 
c-MYC protein in medulloblastoma cells (Figure ID and 
Supplementary Figure SIB and C). To further confirm 
that the JQ 1 effects in medulloblastoma cells were a result 
of suppressing c-MYC we sought to directly evaluate 
MYC activity. Daoy cells were transfected with control or 
c-MYC responsive luciferase vectors (SA Bioscience) and 
treated with JQ 1 for 48 hours followed by measurement 
of luciferase activity as previously described by us [29]. 
Treatment with JQl strongly suppressed luciferase activity 
in the Daoy cells transfected with c-MYC responsive 
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luciferase vector compared to the DMSO treated control 
cells in a dose and time dependent manner (Figure IE). 
Expression of BRD4 is not increased in medulloblastoma 
samples compared to normal cerebellum (Supplementary 
Figure S2) further suggesting the activity of JQl is due to 
BRD4 mediated, c-MYC driven signaling. 

Taken together these data provide compelling 
evidence that JQl down regulates c-MYC driven 
transcription in medulloblastoma cell lines; these data 
are consistent with activity observed in hematologic 



malignancies and analogous to that seen in MYCN driven 
neuroblastoma [16, 24]. 

BRD4 inhibition suppresses medulloblastoma cell 
growth and induces a cell cycle arrest 

To characterize the phenotypic consequences 
of BRD4 inhibition on medulloblastoma cells we 
first determined the impact of JQl treatment on 
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Figure 2: Inhibition of medulloblastoma cell growth by JQl in vitro. (A) Growth curves for Daoy cells treated with varying 
concentrations of JQl measured by real time cell analysis., (B) Activity of JQl (300nM) against a panel of medulloblastoma cell lines 
measured using the ViaCount assay. (C) Methyl cellulose assays showing inhibition of colony formation in the MYC amplified cell lines 
D283, D425 and D458 by JQl . (D) Quantification of colony fomiation shown in 2C demonstrating a statistically significant decrease in the 
number of colonies in JQl treated medulloblastoma cells. 
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Figure 2: (E) Flow cytometry plots for Daoy and D425 cells show increased Gl cell cycle arrest in JQl (300nM) treated cells compared 
to DMSO control. (F) Colony focus assay showing shRNA mediated depletion of BRD4 results in diminished colony formation in Daoy 
and ONS-76 medulloblastoma cells. 



meduUoblastoma cell growth. JQl treatment potently 
suppressed Daoy medulloblastoma cell growth in a dose 
dependent manner as evaluated by the RTCA 
xCELLigence system (ACEA Biotechnology) (Figure 2A). 
Using a second flow-cytometry based method we confirmed 
that JQl (300nM) effectively inhibits cell growth in a 
panel of medulloblastoma cell lines (Figure 2B). Moreover 
treatment with JQl significantly attenuated long-term 
anchorage independent growth of multiple MYC driven 
medulloblastoma cell lines (p < 0.005, Figure 2C and D). 
Importantly 3 of the cell lines (D283, D425, D458) are 
known to possess c-MYC translocations (M. Taylor, 
personal communication) and all cell lines express c-MYC 
at significantly higher levels than normal cerebellum 
(Supplementary Figure S3). In concert with the growth 
inhibition JQl treatment induced a Gl cell cycle arrest 
accompanied by a decrease in the percentage of S-phase 
cells as shown for Daoy and D425 medulloblastoma 
cells (Figure 2E) and summarized for all cell lines in 
Supplementary Table S2. 

JQ 1 effects in multiple myeloma and AML (acute 
myeloid leukemia) are associated with inhibition of a 
particular Bromodomain protein, BRD4[16, 28]. Hence we 
sought to determine whether genetic inhibition of BRD4 
could phenocopy JQl treatment. BRD4 was depleted in 2 
medulloblastoma cell lines using shRNA (Supplementary 
Figure S4A). There was a significant decrease in the 
ability of medulloblastoma cells to form colonies in BRD4 



depleted cells (Figure 2F). Furthermore BRD4 depleted 
cells showed an associated decrease in c-MYC transcript 
(Supplementary Figure S4B). 

JQl treatment suppresses stem cell associated 
signaling and inhibits medulloblastoma tumor cell 
self-renewal 

Medulloblastoma tumor cells are associated with the 
ability for augmented self-renewal and limited terminal 
neuronal differentiation[30]. We therefore examined 
whether JQl influences the differentiation state of 
medulloblastoma cells. We analyzed the JQl modulated 
gene expression using The Database for Annotation, 
Visualization and Integrated Discovery (DAVID, http:// 
david.abcc.ncifcrf.gov/)[31]. We found that genes 
associated with neuronal differentiation processes were 
poorly expressed in medulloblastoma cells and significantly 
enriched in transcriptional programs upregulated by JQ 1 
(Figure 3A). To further investigate the impact of JQl on 
medulloblastoma cell differentiation we performed gene 
set enrichment analysis of JQl treated cells using stem 
cell associated signatures from MSigDB. GSEA revealed 
marked down regulation of stem cell associated genes 
after JQl treatment including global ESC (embryonic 
stem cells) signatures as well as transcriptional programs 
regulated by SOX2, Nanog and 0CT4 (Figure 3B and 
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Supplementary Figure S5). We next examined expression 
of specific neuronal associated stem cell markers in control 
versus JQl treated cells. Treatment with JQl strongly 
suppressed expression of SOX2, Nestin and Nanog, 



(Figure 3C) all genes associated with neural stem cells 
and medulloblastoma[32, 33]. Conversely expression 
of MAP2, a differentiation maker, in neural stem cells 
and meduUoblastoma was strongly induced by JQl 
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Figure 3: JQl suppresses stem cell associated signaling and inhibits meduUoblastoma tumor cell self-renewal. (A) Gene 
ontology analysis of gene expression from JQl treated cells demonstrates induction of differentiation pathways. (B) GSEA of ES cell 
associated gene set and SOX2 dependent gene set in transcriptional profiles of Daoy meduUoblastoma cells treated (red) or untreated (blue) 
with JQl. (C) Expression of stem cell associated markers (Nestin, Nanog, SOX2) and differentiation marker (MAP2) in meduUoblastoma 
cells treated with 300nM JQl or control DMSO treated controls. (D) Light microscopy and Immunoflurescent images of SOX2 expression 
in DMSO control or JQl treated D283 meduUoblastoma cell neurospheres. (E) A luciferase based reporter assay demonstrates that SOX2 
responsive transcription is inhibited by JQl compared to DMSO control treated cells. 
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Figure 3: (F) Limiting dilution assay of control (Blue line) or JQl (300nM) treated (red line) Daoy cells demonstrating significant 
inhibition of colony fomiation by JQl . (G) Limiting dilution assay of control or JQl (300nM) treated D283 cells demonstrating significant 
inhibition of neurosphere formation by JQl. 



(Figure 3C and Supplementary Figure S6). To examine 
the impact of JQl in further detail we treated c-MYC 
translocated D283 meduUoblastoma cells with JQl and 
performed immunofluorescence for SOX2. JQl decreased 
expression of SOX2 protein in meduUoblastoma cells 
grown under serum free neurosphere promoting culture 
conditions (Figure 3D). Further the activity of SOX2 was 
significantly attenuated by JQl (p < 0.01) as measured by a 
S0X2 responsive luciferase reporter assay (Figure 3E). To 
evaluate if JQl functionally impacted a stem cell phenotype 
we next performed an in vitro limiting dilution tumor stem 
cell assay. Daoy cells were grown as neurospheres in serum 
free conditions for 48 hours and then dissociated and seeded 
into 96-well plates in a limiting dilution from 1000 cells/ 
well to 1 cell/well. Cells were cultured in serum free 
conditions for 7 days and colonies counted. The number 
of neurospheres per well was plotted against the number 
of cells seeded per well. JQl repressed the fomiation of 
new neurospheres by Daoy cells indicating a suppression 
of tumor cell self-renewal (Figure 3F). Similarly D283 
formed significantly fewer neurospheres when treated by 
JQl (Figure 3G). Further genetic inhibition of BRD4 with 
shRNA phenocopied the JQ 1 treatment and significantly 
decreased neurosphere formation of meduUoblastoma cells 
(Supplementary Figure S7). 

Together these findings indicate that BRD4 prevents 
differentiation of meduUoblastoma cells by enforcing a 
stem cell transcriptional program and promoting tumor 
cell self-renewal. 



JQl promotes senescence in meduUoblastoma cells 

To further investigate the mechanism of JQl activity 
in meduUoblastoma we asked whether the G^-Gj arrest 
we observed was associated with senescence given that 
tumor cells often undergo senescence upon inhibition of 
MYC[34]. First we treated Daoy meduUoblastoma cells with 
75 or 300nM JQl and measured activity of senescence 
associated P-galactosidase after 7 days. JQl strongly 
induced senescence- P-galactosidase staining (Figure 4A) 
indicating increased senescence. To confirm these data we 
measured expression of cell cycle related genes that are 
known to be associated with c-MYC inactivation associated 
senescence[34]. JQl increased expression of pl6, p21 
and p27 transcripts in meduUoblastoma cells (Figure 4B). 
Westem blot analysis further revealed potent induction of 
p2 1 and p27 with concomitant decrease in phosphorylated 
RB protein (Figure 4C). Because MYC associated Gl 
cell cycle transitions are associated with activity of Rb 
bound E2F 1 we further measured activity of E2F 1 . MYC 
drives E2F1 activity by promoting phosphorylation and 
degradation of RB[11]. Treatment of meduUoblastoma 
cells with JQ 1 potently suppressed E2F 1 activity compared 
to control treated cells as measured by a E2F 1 responsive 
luciferase reporter (Figure 4D). 

These data further establish MYC inactivation 
associated senescence as a key mechanism of BRD4 
inhibition mediated suppression of meduUoblastoma cell 
growth. 
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Figure 4: Induction of senescence in medulloblastoma cells by JQl. (A) Representative images of senescence associated 
P-galactosidase in Daoy cells treated with DMSO and quantification of senescence associated P-galactosidase positive cells per high power 
field. (B) Expression of senescence-associated marker (pi 6, p21, p27) mRNA in medulloblastoma cells treated with 300nM JQl or control 
DMSO treated controls. (C) Immunoblot analysis of senescence associated proteins in JQl treated cells. (D) A luciferase based reporter 
assay demonstrates that E2F1 activity is inhibited by JQl compared to DMSO control treated cells 
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Figure 5: In vivo activity of JQl in medulloblastoma xenografts. (A) Tumor volume of meduUoblastoma cell xenografts in DMSO 
control (Red) or JQl (blue) treated immunocompromised mice. (B) Representative images of H&E staining and Ki67 IHC in control treated 
tumor (C2401) or JQl treated tumor (JQ2381). (C) Representative images and quantification of senescence associated |3-galactosidase in 
control treated tumor (C2401) or JQl treated tumor (JQ2381). (D) Immunofluoresence of SOX2 protien in in control treated tumor (C2401) 
or JQl treated tumor (JQ2381). (E) Expression of SOX2 mRNA in control or JQl treated xenograft tumors (n = 3 each). 



BRD4 inhibition displays anti-proliferative effects 
in a medulloblastoma model in vivo 

Based on our in vitro data we next evaluated the 
therapeutic apphcation of JQ 1 in vivo. Daoy medulloblastoma 
cells were grown s.c. in immunocompromised mice until 
tumors were apparent (~150mm^). JQl was administered 
at 50mg/kg i.p. 5 days a week for 4 weeks and tumor 
size monitored for a fiirther 20 days. Daoy tumors grew 
significantly slower in JQl treated mice compared to DMSO 
treated controls (Figure 5A). Importantly this dosing scheme 
resulted in very little toxicity with no significant change 
in animal weights over the study period (Supplementary 
Figure S8). To fiirther evaluate in vivo activity of JQl, a 
cohort of animals were sacrificed after a 5-day treatment 
and tumors assessed for proliferation. JQ 1 potently inhibited 
proliferation as demonstrated by decreased Ki67 staining 
compared to controls and strongly induced senescence in 



treated tumors (Figure 5B & C and Supplementary Figure 
S9). Excitingly JQl was effective in depleting S0X2 
positive tumor cells in vivo (Figure 5D) and in decreasing 
S0X2 mRNA expression (Figure 5E) fiirther confirming that 
BRD4 inhibition suppresses the tumor stem cell phenotype 
in medulloblastoma. These data demonstrate the significant 
in vivo antitumor activity of JQl and establish a potential 
therapeutic strategy for BET inhibition in medulloblastoma. 

JQl diminishes tumor cell proliferation of patient 
derived medulloblastoma ex-vivo 

We next evaluated the activity of JQl in a slice 
culture model of primary medulloblastoma. This model 
allows tumor to grow intact with all the supporting cells 
and microenvironment ex vivo. Tumor harvested from 
a medulloblastoma patient was placed in cell culture 
en block at time of surgery. Tissue was then sliced in 
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Figure 6: Analysis of BrdU incorporation, cell viability and LDH activity in a primary medulloblastoma patient tumor 
slice culture with JQl (300nM) treatment or DMSO vehicle control. (A) Representative Bivariate distribution of cellular DNA 
content and BrdU incorporation with JQl treatment (B) Quantitative analysis of BrdU incorporation in cells with JQl. (C) Distribution of 
cells in the cell cycle phase. (D) Cytotoxicity measurement of JQl from LDH assay. 



to 0.33cm thick sections, placed on cell growth inserts 
and cultured in slice culture medium. Five days after 
initiation of the slice culture, DMSO or 300nM JQl 
was added to media and sections cultured for a further 
7 days. BrdU was then added to sections and tissues 
incubated for a further 2 days. Tissues were then 
collected and evaluated for BrdU incorporation, cell 
cycle analysis and cytotoxicity assays. JQl treated slice 
cultures incorporated less BrdU compared to DMSO 
(Figure 6A and B). Further JQl induced a significant 
Gl cell cycle arrest in the primary medulloblastoma 
cell culture (Figure 6C). However JQl did not induce 
appreciable cytotoxicity in the slice culture model. 
These data are consistent with our in vitro and in vivo 
studies and further emphasize the utility of JQl in 
medulloblastoma. 

Transcriptional programs suppressed by JQl are 
associated with adverse risk in medulloblastoma 
patients 

We next sought to determine the clinical relevance 
of JQl mediated changes in transcriptional programs. 



Early transcriptomic studies in medulloblastoma 
identified gene signatures that are associated with 
adverse or improved outcomes in medulloblastoma[35]. 
Using these signatures we performed GSEA on the 
transcriptomic changes in JQl treated medulloblastoma 
cells. Genes identified by Pomeroy et al, as adverse 
markers of medulloblastoma outcomes (Pomeroy_ 
MeduUoblastoma Prognosis Down) were significantly 
suppressed by JQl treatment of Daoy cells (NES = -1 .24, 
FDR = 0.13, Figure 7A). Conversely genes associated 
with improved outcomes in medulloblastoma (Pomeroy_ 
MeduUoblastomaPrognosisUp) were significantly 
enriched in the genomic program up-regulated by JQl 
(NES = +1.29, FDR = 0.08) as shown in Figure 7A. We 
next performed leading edge analysis using MSigDB 
to identify the genes specifically contributing to the 
enrichment score. Using this method we identified a set 
of 6 genes that contributed most to the Pomeroy adverse 
gene set being negatively enriched in our JQl treated 
gene signatures (list in Supplementary Figure SI OA). 
These 6 genes are significantly suppressed by JQl in 
medulloblastoma cells and were identified as part of 
a larger gene set that is highly predictive of adverse 
outcomes[35]. To further probe the clinical relevance 
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Figure 7: Clinical implication of JQl suppressed transcriptional programs in meduUoblastoma patients. (A) GSEA of 
an adverse risk gene set and a good prognosis gene set in transcriptional profiles of Daoy meduUoblastoma cells treated (red) or untreated 
(blue) with JQl . (B) /:-means clustering and Kaplan-Meir analysis of a 6 gene signature by meduUoblastoma genomic subgroups in a series 
of 199 primary meduUoblastoma samples. 



of this gene signature we conducted A'-means clustering 
of the 6 genes using R2 (R2: microarray analysis and 
visualization platform; http://r2.amc.nl ) in a series of 199 
primary meduUoblastoma samples[5]. This clustering 
analysis yielded separation of the 199-medulloblastoma 
tumors in to 2 clear groups (Supplementary Figure SlOB). 
Kaplan-Meir survival analysis of these two groups did not 
reveal any differences in outcomes in meduUoblastoma 
samples as a whole (Supplementary Figure SIOC). 
However when we examined the six-gene signature on 
a subgroup basis we found that that this six-gene set was 
predictive of outcomes in SHH (p = 0.045) and suggestive 
of outcome prediction in Group3 tumors (p = 0.065) 
but not associated with outcomes in Group 4 tumors 
(Figure 7B). Not enough Wnt signaling tumors were 
available for this analysis. These data suggest that BRD4 
inhibition is a promising strategy for specific subgroups 
of meduUoblastoma patients. 



DISCUSSION 

MeduUoblastoma is a clinically and genomically 
heterogeneous disease that is frequently treated with a 
"one size fits all" approach using surgery, radiation and 
chemotherapy[7] . Unfortunately this approach results in 
very poor outcomes for MYC driven tumors [8]. Here we 
show that the BET domain protein BRD4 is a mediator of 
meduUoblastoma growth in the context of MYC pathway 
activation. Chemical inhibition of BRD4 with JQ 1 was 
sufficient to inhibit growth of meduUoblastoma cells in 
vitro and in vivo. Moreover JQl suppressed genomic 
programs of stem cell signaling and suppressed tumor cell 
self-renewal. JQl induced a potent senescence phenotype 
associated with induction of cell cycle inhibitory proteins. 
These data suggest that BRD4 inhibition is a potential 
therapeutic target in meduUoblastoma. 

BRD4 is a member of the BET family of 
transcription regulators that fimction as epigenetic 
readers[36]. BRD4 has two bromodomains, which 
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bind to acetylated lysine residues in histone H3 and 
H4[37]. After binding to acetylated chromatin, BRD4 
regulates transcription by recruiting chromatin modifiers, 
nucleosome remodeling complexes, and transcriptional 
co-activators[18]. BRD4 is also required for maintaining 
cell-cycle progression and BRD4 knockout in murine 
models is embryonic lethal [36]. BRD4's role in cancer 
was initially appreciated when the presence of a fusion 
protein was identified in a very aggressive form of 
squamous cell carcinoma[38]. Since then BRD4 has been 
implicated in multiple myeloma as well as MYC driven 
tumors such as AML and neuroblastoma. Importantly 
these tumors types were responsive to BRD4 inhibition 
by JQl, a small molecule inhibitor of BRD4. JQl binds 
to the bromodomain and displaces BRD4 from acetylated 
lysines on chromatin[20]. Pursuing the rational that JQl 
would broadly affect other MYC driven tumors we tested 
this hypothesis on a panel of medulloblastoma cells. The 
JQl altered transcriptomic profile of medulloblastoma 
cells was heavily enriched for c-MYC-dependent gene 
signatures consistent with recent reports in multiple 
myeloma and AML [16, 28]. Interestingly a recent 
report also demonstrates that JQl alters MYCN driven 
transcription in neuroblastoma suggesting the potential for 
targeting of multiple MYC family members with JQl [24]. 

We observed that JQl strongly curbed stem cell 
associated genomic programs. Our data are consistent 
with the concept that a MYC centered transcriptomic 
program is critical for embryonic stem cell maintenance 
and also accounts for the similarities between embryonic 
stem cell and cancer cell transcriptional programs[39]. 
We confimied the alterations in stem cell associated 
genomic programs by showing that expression and 
activity of critical stem cell genes, SOX2 and Nestin, 
were attenuated by JQl. SOX2 is a well-known marker 
of highly pluripotent stem cells in the CNS[32]. Nestin is 
a marker for Neural stem cells (NSC) and its expression 
is lost as NSCs differentiate into lineage-restricted 
neuronal and glial progenitors[32]. Recently SOX2 was 
also directly implicated in medulloblastoma[40]. Ahlfeld 
et al demonstrated that SHH-associated medulloblastoma 
could be initiated from SOX2 -positive cerebellar granule 
cells (CGNP) and ablation of SOX2 in CGNP resulted in 
significantly diminished capacity for proliferation[40]. 
Previous reports have also implicated the role of 
Nestin-expressing progenitors in medulloblastoma 
initiation[41]. Moreover a recent report demonstrates 
that a rare population of Nestin-expressing progenitors 
(NEPs) reside in the cerebellum and exhibit decreased 
expression of DNA repair genes; upon aberrant activation 
of SHH signaling these NEP give rise to medulloblastoma 
tumors[42]. Further, multiple reports have demonstrated 
that tumor stem cells exist in medulloblastoma and are 
associated with resistance to conventional therapy[30, 
43, 44]. We showed that JQl inhibited medulloblastoma 



tumor cell self-renewal and promoted a differentiation 
phenotype. These findings are analogous to the 
hematopoietic system where BRD4 inhibition promoted 
a macrophage like differentiation of AML cells and 
depleted the leukemia stem cell compartment [28, 45]. 
Together these data suggest that BRD4 inhibition can be 
a highly effective strategy to target tumor stem cells in 
medulloblastoma and other MYC driven tumors. 

In the context of decreased expression of stem cell 
markers we found that JQl mediated BRD4 inhibition 
drives senescence in medulloblastoma cells with a 
significant up regulation of cell cycle kinase inhibitors. 
These data flirther highlight the role of MYC in cellular 
senescence. Wu et al previously showed that cellular 
senescence is a key mechanism of sustained tumor 
regression in MYC driven tumors[34]. They demonstrated 
that genetic suppression of MYC in MYC-induced 
lymphoma resulted in increased senescence associated 
acidic P - gal staining and heterochromatin formation[34]. 
Recently using an inducible c-MYC expression construct 
Pei et al demonstrated that c-MYC was required for both 
initiation and maintenance of tumors in a murine model of 
MYC driven medulloblastoma. [46]. Similarly Swartling 
et al demonstrated that MYCN was required for both 
initiation and maintenance of medulloblastoma tumors 
in an inducible murine model[47]. Together these studies 
suggest that chronic inhibition of MYC with low dose 
BET domain inhibitors may be the optimal approach to 
treating these highly aggressive tumors. 

JQl suppresses tumor growth of several tumor types 
including AML and neuroblastoma in vivo[24, 28] . However 
JQ 1 is a first generation chemical inhibitor of BRD4 with 
an in vivo half-life of only one hour in rodent models[20]. 
Work is underway to optimize JQl . In addition several new 
BET inhibitors have been described and are under clinical 
development[48]. Remarkably our data show that JQl can 
suppress growth of established medulloblastoma tumors 
in mouse xenografts. The next step will be to evaluate 
patient derived xenografts in an orthotopic model. Given 
that JQl has excellent CNS penetration this approach 
should be feasible[20]. Moreover it will be interesting 
to evaluate BET inhibition in the context of a minimal 
residual disease model, which is the most likely clinical 
scenario in which such inhibitors will be used. Likewise 
it will be important to examine whether BET inhibition 
can co-operate with current therapeutic agents to further 
increase efficacy of treating medulloblastoma. For example 
BET inhibition may radio-sensitize medulloblastoma cells 
in light of JQl activity at the Gl-S cell cycle boimdary. 
Certainly recent reports implicating BRD4 in DNA damage 
signaling that is independent of MYC activity suggests 
such a strategy would be feasible[49]. Combining BET 
inhibition with HDAC inhibition is another promising 
avenue in medulloblastoma. HDAC inhibition is known to 
inhibit medulloblastoma cell growth and induce expression 
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of tumor suppressor genes[50, 51]. Targeting both erasers 
and readers of acetyl histone modifications could modulate 
transcriptional programs to drive medulloblastoma cells 
towards a differentiated state. 

Of note we identified a six-gene signature that is 
associated with adverse prognosis in medulloblastoma 
and whose expression is repressed by JQl. Importantly 
this signature identifies a subset of patients with adverse 
outcomes in both SHH and Group 3 tumors but not in 
Group 4 tumors. These findings highlight the diverse role of 
MYC in a sub group context. It is no surprise that Group 3 
tumors are associated with this signature given that c-MYC 
amplification is a major genetic hallmark of this particular 
subtype of medulloblastoma. Interestingly SHH tumors are 
known to have increased expression and amplification of 
MYCN, which may explain why SHH tumors also enrich 
with our 6-gene signature. In addition one or more of the 
proteins coded by the six-gene signature could represent a 
viable biomarker for identifying medulloblastoma patients 
likely to respond to BET domain inhibition. 

In summary we establish the concept that MYC 
driven medulloblastoma can be targeted with BET domain 
inhibition and demonstrate the feasibility of this approach 
in vivo. Excitingly, while this work was in preparation 
two other reports demonstrated that BRD4 inhibition with 
JQ 1 can inhibit medulloblastoma cell growth in vitro and 
in vivo[25, 26]. Henssen et al showed that JQl reduces 
cell viability and proliferation and induces apoptosis in 
human medulloblastoma cell lines in vitro and in v/vo[25]. 
Bandopadhayay et al also showed that JQl reduced cell 
proliferation and induced apoptosis in MYC-amplified 
medulloblastoma in vitro and prolonged survival in 
xenograft models[26]. Our data extend these findings by 
demonstrating that BET inhibition targets tumor stem 
cells and suppresses a genomic signature associated 
with adverse outcomes in medulloblastoma. We are now 
pursuing further studies to more clearly understand the role 
of BRD4 function in medulloblastoma and the application 
of BRD4 inhibition in clinically relevant models. 
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